ABSTRACT Metazoan cells rapidly exchange signals at tight cell-cell interfaces, including synapses and gap junctions. Advances in imaging recently exposed a third mode of intercellular cross-talk mediated by thin, actin-containing membrane extensions broadly known as "membrane" or "tunneling" nanotubes. An explosion of research suggests diverse functions for nanotubular superhighways, including cell-cell electrical coupling, calcium signaling, smallmolecule exchange, and, remarkably, the transfer of bulky cargoes, including organelles or pathogenic agents. Despite great enthusiasm for all things nanotubular and their potential roles in cell signaling and pathogenesis, key questions remain regarding the mechanisms by which these structures regulate directional cell-cell exchange; how these linkages are formed and between which cells and, critically, whether nanotubes are as prevalent in vivo as they appear to be in the incubator.
INTRODUCTION
Actin-rich membrane protrusions such as filopodia and lamellipodia can guide the convergence of cells during the formation of complex signaling interfaces in vivo, for example, during synaptogenesis in the nervous system or the merging of epithelial cell sheets during development or wound healing (Mattila and Lappalainen, 2008) . Alternatively, extended (>40 μm) parallel arrays of filopodia termed cytonemes (cell threads) observed in the Drosophila embryo wing imaginal disk may function as cellular "antennae" that connect cells over large distances to regulate the detection and transport of morphogen ligands that determine tissue patterning (Ramirez-Weber and Kornberg, 1999) . In 2004, pioneering video microscopy studies by the Gerdes and Davis labs revealed a novel variation on this theme: intercellular nanotubular highways. Gerdes and colleagues described thread-like (∼50-nm diameter) connections linking cultured rat neuron-derived pheochromocytoma 12 (PC12) cells formed after the convergence of dynamic filopodia extending from neighboring cells (Rustom et al., 2004; Figure 1A, (i) and (ii)). They called these structures tunneling nanotubes (TNTs) based on their apparent capacity to create a continuous channel between two cell cytoplasms, in analogy to plasmodesmata in plant tissues. Remarkably, PC12 TNTs supported a directional flow of surface-bound molecules, cytoskeletal elements, and even endosomal membranes from cell to cell. Soon after, the Davis group described similar membrane nanotubes linking cultured primary lymphocytes, including natural killer cells, Epstein-Barr virus-transformed B cells, and macrophages. Unlike TNTs, these nanotubes represented residual membrane tethers formed after the disassembly of tight cell-cell contacts ( Figure 1A , (iii) to (ii)) and were proposed to provide motile lymphocytes with a mechanism for maintaining immune signaling over long distances (Onfelt and Davis, 2004) . Consistent with this notion, Watkins and Salter (2005) demonstrated "functional connectivity" between primary dendritic cells (DCs) in culture, showing that a calcium signal could be propagated through nanotubes among DCs separated by multiple cell lengths.
did not contain Cx43 and did not support electrical coupling. Therefore neither NRK nor PC12 TNTs are constitutively open-ended structures, and it is important to consider that many (and perhaps the majority) of described TNT-like linkages represent extensions of either synapse or GJ biology (e.g., Figure 1B , (i) and (ii)).
If nanotubes are not open ended, then how do they support the transfer of bulky intracellular cargoes such as mitochondria and endosomes, as is now apparent in numerous studies (see Marzo et al., 2012) ? Indeed, such a process challenges the basic notion of cell autonomy and, if confirmed in vivo, might alter our perception of how tissues are maintained and suggest opportunities to design new cell-based therapeutic strategies. Zhang and colleagues recently showed that oxidative stress or serum starvation can trigger selective nanotube formation between stressed and unstressed astrocytes, and they proposed that a nanotube-mediated directional flow of "healthy" intracellular cargoes from unstressed to stressed cells provided a cell-sustaining effect (Wang et al., 2011; Figure 1C, (iii) to (iv)). While compelling, it is not clear how organelles can successfully breach two apposed plasma membranes. Wang and Gerdes (2012) have suggested three potential scenarios: 1) a TNTs that are larger (up to 1-μm diameter) and contain both actin and microtubules (Onfelt et al., 2006) . However, such categorization is now complicated by the broad heterogeneity of described TNTlike structures (for excellent reviews see Kimura et al., 2012; Marzo et al., 2012; Wang and Gerdes, 2012) . We previously argued that an important distinction be made between structures that are "tunneling" (i.e., open ended and capable of transmitting an intracellular signal) and linkages that are closed ended and more bridge-like or synaptic in nature (Sherer and Mothes, 2008 ; see Figure 1B ). Indeed, there is limited ultrastructural evidence that nanotubes are open ended, and a wide-open configuration would pose problems, such as how linked cells prevent cell-cell fusion or maintain a cytoskeletal polarity (cargo transit is frequently unidirectional). Additional work by the Gerdes group may resolve this issue, revealing that TNTs formed by dislodgement in cultures of normal rat kidney (NRK) cells are, indeed, not open ended but gated (Wang et al., 2010) . These structures accumulated the gap junction (GJ) protein connexin 43 (Cx43) at their bases and, consistent with GJ function, supported the transmission of an electrical signal from cell to cell ( Figure 1B, (ii) ). By contrast, classic TNTs from PC12 cells formed by filopodial interplay FIGURE 1: Mechanisms of cell-cell nanotube formation, modes of transfer, and proposed roles in tissue homeostasis and the spread of infection. (A) Nanotubes can form by either of two mechanisms. Filopodial interplay ((i) to (ii)) involves the convergence of protruding filopodia from neighboring cells, followed by anchoring. Dislodgement ((iii) to (ii)) involves the formation of residual tethers after the disassembly of tight cell-cell contacts. Nanotubes may mediate long-distance signaling or in some instances be precursors to the formation of more complex cell-cell interfaces ((ii) to (iii)). (B) Possible modes of nanotube-mediated signaling and exchange. Nanotubular linkages can be synaptic in nature and signal through ligand-receptor interactions (i) or retain connectivity at a gap junction-like interface maintained by connexons (bow ties) made up of hexamers of connexin proteins. Gap junctions regulate a gated flow of ions or small molecules from cell to cell (ii). To exchange larger cargoes, nanotube connections must either be open and membrane continuous (iii) or use an alternative mechanism of membrane exchange such as membrane engulfment/phagocytosis (iv). (C) Mechanisms of induced nanotube connectivity. Infection and cell stress may signal the up-regulation of adhesive factors at the cell surface, for example, retroviral Env glycoproteins (i), that drive the formation of tight cell-cell contacts (e.g.,, virological synapses) or are extended to form nanotubes or filopodial bridges ((ii) and iv)). Alternatively (or possibly in addition to), cell signaling through the exocyst complex (e.g.,, in response to HIV-1 Nef expression or cell stress) can induce the extension of membrane protrusions that reach out to bind neighboring cells ((iii) and (iv)). Induced nanotubular superhighways may function to promote the rapid intercellular spread of infection but could also promote the transit of cell-sustaining signals or cargoes (iv). recent identification of the cellular factor M-Sec, the first cellular factor demonstrated to induce the de novo formation of nanotubes when overexpressed in cultured cells (Hase et al., 2009) . M-Sec activates the exocyst complex through Ral GTPase signaling and is highly expressed in both DCs and macrophages. Therefore it seems logical to determine whether HIV infection modulates M-Sec expression or activity in infected CD4 + lymphocytes, as well as to determine the general role of the exocyst pathway to HIV-1 replication in vitro and in vivo. Moreover, the extension of nascent filopodia by astrocytes in response to cell stress conditions (as discussed earlier) correlated with an up-regulation of M-Sec expression and also required signaling through the tumor suppressor p53 and the Akt/ PI3K/mTor pathway. Thus M-Sec and the exocyst complex may be a common target of multiple prominent cell signaling pathways associated with infection, cell stress, and possibly cancer. Induced nanotubes in these scenarios could, in theory, serve to rapidly mediate the exchange of either beneficial or detrimental cell cargoes ( Figure  1C(iv) ).
IN VITRO VeRITAS?
Stress-induced signaling and viral infection should continue to provide tractable systems for dissecting the molecular details underlying filopodial extension, the formation of nanotubular linkages, and how cargoes move from cell to cell. However, a core question remains: do nanotubes really play important roles in tissues in vivo? Nanotube-like structures were described in vivo for the first time relatively recently, originating from stromal DCs within the mouse cornea (Chinnery et al., 2008) . These observations have now been reproduced with additional detail (Seyed-Razavi et al., 2013) . In addition, observations of nanotubes connecting cells in solid tumor explants may support the notion that nanotubes can fuel cancer (Lou et al., 2012) . Increased visual resolution in tissue preparations, as well as continuing progress in live-cell intravital systems, will be essential to achieving a realistic picture of nanotube structure and function in vivo. Also, the identification of cellular factors regulating nanotube formation may provide opportunities for animal studies, for example, in p53, M-Sec, or exocyst-deficient mice. Finally, it is important to consider that nanotubes may not be working alone either in vivo or in culture. For example, HIV-1 Nef expression also induces the secretion of Nef-containing vesicular structures, including exosomes and microvesicles, likely by stimulating alternative functions of the exocyst complex. Indeed, tissues are a sticky proposition; studies of nanotubular linkages have provided important new concepts toward the goal of understanding the complexity of cellcell signaling in these dynamic environments.
"tunnel and toll booth" mechanism in which large cargoes await a transient opening of a fusion pore, 2) a "carrier" mechanism in which vesicles are secreted at the nanotube tip and taken up by target cells, and 3) a "snatch and grab" mechanism in which a portion of the nanotube is engulfed and endocytosed. Mechanisms 1 and 2 would necessarily invoke novel modes of cell-cell fusion and vesicle formation, respectively. Mechanism 3 seems most likely, considering the fragile nature of nanotubes, as well as the propensity of cells to pull and tear at tightly apposed membranes ( Figure 1B(iv) ). However, a caveat is that endocytosed membrane would have to somehow accomplish "back-fusion" with the endosome to release its cargo into the cytoplasm. Careful live-cell imaging coupled to electron microscopy will be essential to defining the determinants, as well as the frequency and success, of these "organelle transplant" operations.
LeSSONS LeARNeD fROm VIRAL hIjACkeRS
If nanotubular transport plays a role in tissue homeostasis, the corollary is that this mode of transfer can promote the spread of damaging or infectious cargoes, including prions, viruses, and bacteria. Intracellular pathogens often exploit existing cell-cell contacts or induce infected cells to form specialized structures in order to favor their cell-cell transmission ( Figure 1C ). For example, we demonstrated that retroviruses, including the murine leukemia virus (MLV) and the human immunodeficiency virus type 1 (HIV-1), drive the formation of nanotube-like filopodial bridges between infected and uninfected fibroblasts that provide for actin-dependent virion trafficking (surfing) of virions from cell to cell on the outer surface of membrane (Sherer et al., 2007) . Stable bridge formation required specific, high-avidity interactions between viral envelope (Env) glycoproteins and receptor molecules on apposed cell surfaces. HIV-1 infects CD4 + T-cells and macrophages in vivo, and several reports have demonstrated nanotubes, related actin-rich structures, and "virological synapses" that link infected and uninfected lymphocytes and likely contribute to the rapid spread of infection (e.g., Sowinski et al., 2008; Rudnicka et al., 2009; reviewed in Sattentau, 2010) . That Env expression is capable of promoting cell-cell connectivity in vivo was emphasized by recent striking intravital multiphoton fluorescence imaging of HIV-1-infected T-cells in humanized mice by Mempel and colleagues (Murooka et al., 2012) . Infected, motile T-cells in lymph nodes formed dramatic Env-dependent membrane extensions connecting cells over distances sometimes >100 μm. Moreover, Env-dependent connectivity was also recently confirmed for MLV-infected B cells and T-cells in living mice (Sewald et al., 2012) . Although the resolution of multiphoton microscopy did not discern nanotubes, viral surface glycoproteins are clearly capable of stimulating the formation of complex membrane networking in tissues. Therefore the up-regulation of surface adhesion properties may serve as a general mechanism for stimulating nanotube formation during infection or in response to other signaling ( Figure 1C , (ii) to (iv)).
Alternatively, viral infection or cell stress may promote nanotube formation by directly stimulating the extension of filopodial protrusions. For example, HIV-1 infection induces the formation of filopodial or lamellipodial extensions in T-cells through the activity of the viral Nef accessory protein (Nobile et al., 2010; Figure 1C(iii) ). Of interest, a recent proteomic analysis of Nef-associated proteins revealed that Nef interacts with several components of the exocyst complex, a cellular machinery that regulates both the secretory pathway and the extension of actin-rich cell surface protrusions (Mukerji et al., 2012) . These findings have striking overlap to the
